Raman and surface-enhanced Raman (SERS) spectra of (N-methyl-3-phenyl-3-[4-(trifluoromethyl)phenoxy)propane-1-amine hydrochloride, fluoxetine, have been recorded. Density functional theory with the B3LYP functional was used for optimization of the ground state geometry, calculation of the Raman normal modes of this molecule and the modelling of the SERS effect. Calculated geometrical parameters of fluoxetine fit well with the experimental ones. Based on the recorded data, the DFT results and a normal coordinate analysis based on a scaled quantum mechanical (SQM) force field approach, a complete vibrational assignment of fluoxetine as well as its adsorption behavior on a silver surface (using SERS selection rules) is derived.
INTRODUCTION
Since the finding of fluoxetine (N-methyl-3-phenyl-3-[4-(trifluoromethyl)phenoxy]propane-1-amine) in 1973, this serotonin-reuptake inhibitor drug introduced a novel stage for a reliable medication of depression, therefore, it has been extensively studied from a physiological and clinical point of view. 1, 2 Further, analytical procedures have been recently reviewed by Persona et al. 3 .
Beside these techniques, infrared and Raman spectroscopy have become very important in the identification and characterization of pharmaceutical products because these methods greatly avoid changes in the compounds. 4 In this sense, Yellamula et al. 5 recorded the IR spectrum of fluoxetine and presented a partial assignment of normal modes, while Garrido et al. performed a Raman study for this drug, including an approximate description of the distinct normal modes for protonated fluoxetine and N-deuterated protonated fluoxetine. 6 An additional Raman study was reported by Menaa et al. 7 .
The intrinsic weakness which hampers the Raman analysis at low concentration can be upgraded through the surface-enhanced Raman scattering (SERS) effect. 8 Prior to the SERS analysis, vibrational studies are usually complemented with theoretical methods to obtain the spatial configuration of the molecule, such as Density Functional Theory (DFT) which, by inclusion of dynamic electron correlation, 9 supplies a suitable and cost-effective approach to compute vibrational spectra of large molecules. There are numerous examples in the literature in which the target molecule is attached to a cluster of metal atoms and the changes in the computed Raman spectra are discussed. [10] [11] [12] [13] [14] [15] [16] The size of these clusters varies between a single atom and 20 atoms, [17] [18] [19] with an alternative approach (periodic boundary conditions) getting some attention. 20 Common to many studies is the use of B3LYP as a standard functional and relatively small double-zeta basis sets. 21, 22 However, there are systematic overestimations of the quantum mechanically calculated harmonic wave numbers, arising from factors such as neglecting anharmonicity characters of the normal modes, basis set super position error and truncation effect as well as the deficiencies of the calculation method used itself. These deficiencies can be largely corrected by using the scaled quantum mechanical force field (SQM FF) method for the prediction of the vibrational spectra. 23 This protocol has proven its reliability on several occasions. [24] [25] [26] It is the aim of the present work to record a SERS spectrum of fluoxetine and to interpret it on the basis of changes of the Raman spectrum as well as by studying the information of the molecular electrostatic potential (MEP) maps and the frontier orbitals (HOMO and LUMO) on the mechanisms proposed to explain the main contributions to the overall SERS. 27
EXPERIMENTAL AND COMPUTATIONAL METHODS

Sample and instrumentation
Fluoxetine, FLX·HCl, of analytical grade was purchased from a commercial source (Laboratory Bago (Chile)) as a white crystalline solid and used as received to record the Raman spectra, because of the slight solubility of this molecule in water. 4 In fact, a solution Raman spectrum could not be recorded as most bands are undersized and highly concealed by the typical fluorescence of aromatic or partially aromatic compounds in solutions.
Raman and SERS spectra were recorded with the Advantage 200A spectrophotometer on an aluminum foil using Right Angle Input Optics accessory at room temperature. When acquiring data, the system emits up to 3 mW at 633 nm of radiation through its optics. Raman and SERS spectra reported represent single scans and are provided without spectral smoothing.
In order to obtain the SERS spectrum, colloidal silver nanoparticles were prepared from silver nitrate by using hydroxylamine hydrochloride (NH2OH·HCl) as a reducing agent. 28 The colloid reliability for SERS enhancement was tested by UV-vis absorption spectroscopy, where the wave number is related to the reduction method chosen for the synthesis of the nanoparticles. 29 The UV absorption data ( Figure 1 ) was collected using a Jasco Model V-530 double beam spectrophotometer.
The scanning region is from 190 to 1100 nm, and the spectral bandwidth is 0.3 nm. The maximum absorption band is in agreement with that reported in the literature, 28 displaying a broad peak as well as an additional band at lower energy, which is characteristic of larger metal colloidal dispersions due to the excitation of plasma resonances or higher multipole plasmon excitation. 30 .
Furthermore, its intensity is coincident with that reported for positively charged silver nanoparticles (Ag NPs). 31 Diluted fluoxetine was mixed with an Ag colloidal solution to obtain a final solution fluoxetine/metal colloid (10 -4 M); a drop of the system was deposited onto a quartz slide to obtain the SERS spectrum before evaporation of the solvent. Figure 1 also shows the UV-Vis spectrum of the Ag NP-FLX·HCl mixture. The shift of the plasmon band towards longer wavelengths by aggregation of silver nanoparticles proves a strong interaction between molecule and metal, which indicates that a chemisorption process occurs. Figure 1 . Absorption spectrum of the silver colloid (a) and the fluoxetinesilver colloid mixture (b), together with the maximum peak wavelengths. The spectra reveal a red shift of the absorption maximum upon fluoxetine addition.
Computational details
Geometry optimizations, molecular electrostatic potential (MEP), molecular orbitals and vibrational spectra calculations for fluoxetine were performed with the program package Gaussian 09. 32 Density functional theory (DFT) with the B3LYP functional, 33, 34 together with Pople's 6-311++G(d,p) basis set, [35] [36] [37] [38] was employed for the optimization of the ground state geometry and simulation of the vibrational spectra. For the simulation of the SERS effect, fluoxetine is placed on an eighteen atom neutral silver cluster as a closed-shell singlet based on the experimental bulk geometry, 39 data with 12 atoms on the surface plane and 6 atoms on a parallel lower layer, representing the Ag [1,1,0] surface. The atoms of the silver cluster are described by the SDD basis set together with the according pseudo potentials 40 and the cluster is constrained during the geometry optimization.
The dominant character of each normal mode was determined regarding the potential energy distribution matrix (PED) obtained from the multiple scale factors applied to different internal coordinate force constants, according the treatment proposed by Pulay et al. 23 Transformation of Gaussian Cartesian force constants into the corresponding internal ones, conversion from Cartesian to internal coordinates, automatic generation of the redundant internal coordinates, SQM scaling, least-squares refinement of scale factors, and decomposition of the potential energy distribution (PED) were carried out using the program FCART01, a major modification of previous software, 41 written to accomplish all the necessary transformation and calculations using the Gaussian output.
RESULTS AND DISCUSSION
Optimized structure of fluoxetine Fluoxetine possesses a chiral center hence it exists as a racemic mixture. 42 The B3LYP/6-311++G(d,p)-optimized geometry given in Figure 2 shows the R isomer of fluoxetine. For the optimized structure, no imaginary frequency modes were obtained, proving that a local minimum of the potential energy surface was found. Geometrical parameters of the distinct groups of fluoxetine obtained at our level of theory are in agreement to those reported out by Garrido et al. for the S isomer. 6 The planes defined by the two aromatic rings are sufficiently twisted to avoid mutual interaction, in line with the geometrical parameters obtained by X-ray diffraction study. 43 In the following it will be necessary to distinguish between the two phenyl rings: the CF3-substituted ring is labelled A, while the other one is ring B. Figure 2 . B3LYP/6-311+G(d,p)-optimized structure of R-fluoxetine which shows no interaction of the two aromatic moieties.
Raman and SERS spectra
Raman and SERS spectra of fluoxetine are shown in Figure 3 . These spectra are quite similar to the ones recorded at high resolution in reference 6 for the fluoxetine R/S racemic mixture and the Raman spectrum in reference 7. The vibrational assignment for molecules containing polycyclic heteroatomic molecules is not an easy task due to the extensive coupling that occurs in the overall force field and the sheer numerical and spectral complexity of the problem as the size of the molecule increases. 44 On this ground and taking into account the different origins of these vibrations in the fluoxetine molecule, the assignment of the distinct normal modes needs to be supported by theoretical considerations. As a checkup to limiting allocations of the distinct normal modes, current vibrational surveys well-documented in the literature are considered for C-H and N-H groups, 45, 46 substituted phenyl groups, 47 secondary amines 48 and the CF3 group. 49 Normal modes of the distinct groups conforming fluoxetine, can fully or partially overlap each other, thus producing broadening, shoulders or shifts of the distinct characteristic bands. Therefore computational procedures are essential in order to discriminate the allocation of the distinct normal modes. It is noted that our results based in the PED calculations are in partial agreement with the approximate description of the distinct normal modes 6 and appear to be a suitable base for the analysis and interpretation of the SERS spectrum. The SQM-derived wavenumbers agree in general quite well with the experimental data. It can be observed in Figure 3 that bands amplified by the effect of the surface appear in the range 1600-300 cm -1 , so that the vibrational analysis will be performed in that frequency region. Comparative Raman and SERS bands positions together with the SQM-computed frequencies as well as the assignment of the distinct normal modes are presented in Table 1 .
Although fluoxetine has no symmetry, it is still possible to approximate the local symmetry of the aromatic groups that make up this molecule. Therefore, Wilson's notation and the nomenclature proposed by Varsanyi 47 is used herein. In fact, normal modes of this kind of complex molecule cannot be assigned in an absolute and definitive form. Figure 3 . Raman spectrum of solid fluoxetine (A) and Surface-Enhanced Raman spectrum of fluoxetine on silver colloid (B). Band enhancements are found in the 1600 -300 cm -1 region, and aliphatic bands are missing in the SERS spectrum. For a full band assignment and discussion, see the text and Table 1 . 
SERS spectrum analysis
There are two main mechanisms of enhancement described in the literature: an electromagnetic and a chemical enhancement, 50 both related to an increase in the molecular polarization of the absorbed species and the local electric field (E local) near the metallic surface. 51 In this sense, two possibilities of molecule/substrate interaction can be considered: physisorption and chemisorption. When the molecules are physisorbed on the metal surface, the SERS spectra are very similar to those of the free molecule, being the electromagnetic (EM) mechanism the most important mechanism of the Raman enhancement. 52 In the case of chemisorption a new metal-molecule SERS complex is formed and changes in position and intensities of the SERS bands relative to the normal Raman are observed. In this case, the charge-transfer (CT) effect is the dominant mechanism of the Raman enhancement 53 with the Franck-Condon contribution enhancing only totally symmetric modes, while the Herzberg-Teller effect in principle influences all modes. The relative intensities of the bands from SERS spectra are expected to differ significantly from those of normal Raman spectra owing to the specific selection rules. 54 Surface selection rule suggests that for a molecule adsorbed flat on the metal surface, its out-ofplane vibrational modes will be more enhanced when compared with its in-plane vibrational modes, and vice versa when it is adsorbed perpendicular to the surface. 53 It is further seen that bands involving vibrating atoms that are close to the metal surface will be mostly enhanced and shifted. 55 In this respect, Raman peaks of specific molecular vibrations have been considered to determine the origin of the altered bands in the SERS spectrum of fluoxetine. Table 1 and comparison of Figures 3a and b reveal that band enhancements appear in the region 1600-300 cm -1 with variable band shifts.
From the absence of bands in the surroundings of 3000 cm -1 in the SERS spectrum and regarding the selection rules, 54 it is firstly inferred that no aromatic or aliphatic C-H stretching vibrations are involved in the SERS effect, which in turn means that the two phenyl rings A and B should be flat or nearly flat to the metal surface and that the aliphatic group containing the secondary amine and CH3 group should be far from the metallic surface. This early glimpse about the orientation of the molecule on the substrate can be theoretically backed up by means of the MEP plot calculated at the B3LYP/6-311++G(d,p)-optimized geometry presented in Figure 4 . This map allows visualizing variably charged regions of a molecule, which is a useful property to study reactivity given that an approaching electrophile will be attracted to negatively charged areas. In most MEPs are the negatively charged regions -preferred site for an electrophilic attack -indicated in red color, while the positive regions are shown in blue. 56 Figure 4 shows a widespread negative charge wrapping all over the CF3 group (together with the amine moiety which also possesses a significant negative charge), indicating a stronger affinity to the metal surface. Due to observed band enhancements of bands belonging to ring vibrations, it can be concluded that the CF3 group and its connected ring A should be nearly parallel to the metal surface, while ring B would be in a slightly tilted position over the metal Ag NP surface. Also it can be inferred that during the adsorption process the rings tend to go closer to the silver surface, due to a favorable interaction of their π ring systems with the colloid's surface. 57 On this basis and taking into account the selection rules, major enhanced vibration should be those corresponding to CH op bendings of the ring A as well as C-C stretchings and CH ip bendings belonging to the tilted ring and also to some special CF3 bending modes. Furthermore, ring torsions and in general those vibrations in the closeness of the metal surface should be enhanced in varying degrees. . Molecular electrostatic potential (MEP) map of fluoxetine. This mapping of the electrostatic potential allows the identification of positively (blue) and negatively charged (red) regions. In combination with the observed band enhancements, it is expected that the latter CF3-moiety and the adjacent ring (on the right side) are oriented parallel to the silver nanoparticle surface.
These empirical and MEP considerations about the orientation of fluoxetine on the Ag surface are supported by the DFT geometry optimization of the fluoxetine-Ag18 cluster. The most stable orientation of fluoxetine on the silver surface model is given in Figure 5 . This figure also shows the proximity of the CF3 group to the Ag cluster and the remoteness of the C-N moiety. At first glance, the SERS spectrum profile shows blue and red band shifting in relation to the corresponding ones in the normal Raman, as well as the appearance of new peaks with different levels of intensity. Both, changes in intensity and displacement of the bands ought to be analyzed taking into account the different mechanisms that explain the SERS effect.
The intensity of the aromatic CC stretching observed at 1623 cm -1 in the SERS spectrum is similar to the corresponding one at 1613 cm -1 in the Raman spectrum. This can be explained that this vibration belongs to the aromatic fragment not plane parallel and close to the surface, suggesting a restrained influence of the CT mechanism. In general, the nonsymmetrical 16a δ (CCC) out-of-plane vibration modes are selectively enhanced by the CT mechanism through the Herzberg−Teller contribution, being the EM and CT relative contributors to the SERS enhancements. 58 On the other hand, the δ O-C-H at 1326 cm -1 mixed with ω CH2 appears markedly shifted and widened in the SERS spectrum at 1376 cm -1 evidencing a main role of the CT mechanism, as well as the homogeneity of the intermolecular distances and vibrational coupling between individual oscillators, as it has been well established by Persson and Ryberg. 59 Furthermore, the Raman band at 1251 cm -1 partially assigned to asymmetric C-F stretching modes, is strongly enhanced by the effect of the metal substrate and shifted to 1294 cm -1 , while the symmetric C-F stretching mode is not affected. The distinct degree of displacement of these fundamentals suggests different levels of participation of the CT mechanism depending on the symmetry of the normal mode. The intense bands in the normal Raman spectrum at 1004 cm -1 ascribed to an almost breathing-like vibration related to the ring A, appears less intense at 983 cm -1 in the SERS spectrum. Additionally, a medium weak Raman band at 908 cm -1 (γ CH) is shifted to 919 cm -1 in SERS, whereas a band at 851 cm -1 (δ N-H) cm -1 vanishes in the SERS, and a Raman band at 779 cm -1 (γ CH) is shifted to 804 cm -1 . Moreover, a fundamental at 704 cm -1 (CF3 op rocking) is shifted to 736 cm -1 , while bands at 636 (δ (CNH)) and 572 cm -1 (δ (OCC)) do not appear in the SERS spectrum; and a Raman band at 443 cm -1 (CF3 ip rocking) that displays no discernible shifting, is notably enhanced by the SERS effect. Finally, a normal mode active in Raman at 292 cm -1 seems, in a first instance, not to be influenced by the presence of the metal surface.
The above-described displacement of bands implies some incidence of the CT mechanism in the SERS effect, which is currently explained by the energy of the frontier orbitals of the molecule in relation to the Fermi level. As a matter of fact, the chemical enhancement is a kind of resonance Raman scattering in which resonant intermediate states arise from metal-molecules charge transfer excitation: if the difference in energy between the Fermi level (which give us information of the electrons that take part in ordinary electrical conductivity) and the frontier orbital of the absorbed species is close to the energy of incident light, an enhancement mechanism occurs. 60 In such a course, the Fermi level of the metal acts as an initial or final state in the resonance Raman process. 27, 61, 62 The charge transfer excitation from the metal to the molecule and vice versa can occur at a lower energy than the intrinsic intramolecular excitations of the adsorbate. In general, the CT process enhances the symmetrical modes, and preferentially those ones involving coordinates, which are relaxed by the electronic excited state. 63 For the Ag atom the experimental value of Fermi level has been reported to be 5.5 eV. 64 On the other hand, HOMO and LUMO levels of fluoxetine are calculated at 6.44 and 0.93 eV respectively. These values change slightly upon chemisorption on the silver NP to 6.30 eV (HOMO) and 0.95 eV (LUMO). This means that the Fermi level lies above the HOMO and well below the LUMO. Considering the large LUMO-Fermi level energy difference (4.57 eV) the laser excitation wavelength (1.96 eV) does not have enough energy to further transfer electrons from the metal into the LUMO of fluoxetine. Hence, in principle, it can be concluded that molecule to metal charge transfer interaction is more preferred here. These findings are supported by an NBO 65, 66 analysis that shows no metalsubstrate charge transfer but a slight net transfer of NPA charges from fluoxetine to the Ag18 cluster (about 0.2 electrons).
As it is observed in Figure 6 , the HOMO is clearly localized on the donor amine group of the molecule, while the LUMO is preferentially situated on the rings, revealing a tendency of electronic transportation from HOMO to LUMO, which is eased by the presence of the metal. Furthermore, this process is aligned with the presence of strong aromatic rings in fluoxetine, which favor the electron transfer from the HOMO to the metal.
However, different magnitude shiftseither red or blue -and the asymmetry of the HOMO-LUMO gap with respect to the Fermi level, suggest a high degree of combined CT and EM mechanisms. A comprehensive study of the red and blue shifts produced in the SERS spectrum is in process in our laboratory on the basis of the Franck−Condon and Herzberg−Teller contributions to the SERS effect. 67 Figure 6 . B3LYP/6-311+G(d,p)-computed frontier orbitals of fluoxetine in the silver nanoparticle complex. The HOMO (highest occupied molecular orbital) is shown on the left and is located mainly at the amine moiety of fluoxetine, while the LUMO (lowest unoccupied molecular orbital, right side) is distributed on one of the aromatic rings.
CONCLUSIONS
The present study shows that a complete analysis of the Raman and SERS spectra for fluoxetine along with scaled DFT/B3LYP calculations are significant forthcoming for comprehending the vibrational spectra of medium-sized organic compounds. Further, molecular geometry optimization and molecular electrostatic potential (MEP) are useful to gain insight on the orientation of fluoxetine on the Ag nanoparticles. On the other hand, a frontier orbital analysis gives signs on molecular conjugation, electron donor and acceptor abilities of this molecule, although the real nature of the SERS enhancement mechanism is not unambiguously elucidated.
